PLZF (promyelocytic leukemia zinc finger ) is a transcription factor disrupted in t(11;17)-associated acute promyelocytic leukemia which is highly expressed in undifferentiated myeloid cells. To address the tissue-specific regulation of the promoter, we isolated sequences 1.2-kb 5Ј to the transcriptional start site. Sequence analysis demonstrated that this region contains one TATA box and several putative transcription factor binding sites including four G/C-rich sites and one Evi-1-like site. A fragment of the promoter spanning 158-bp upstream of the transcription start site displayed relative specificity for PLZFexpressing myeloid cells. Functional promoter assays revealed that an Evi-1-like site at −140/−130 was essential for full promoter activity in every cell line tested while a G-rich site at −15/−7 was important for tissue specificity. Electrophoretic mobility shift assays showed that Evi-1 binds specifically to −140/−130 Evi-1-like site and overexpression of Evi-1 in K562 cells activated the PLZF promoter. UV cross-linking assays showed that the proximal, tissue specific element at −15/−7 bound a novel 28 kDa protein. These results indicate as with other myeloid genes, a relatively small segment of DNA can direct tissue-specific expression, but unlike other myeloid promoters, no critical PU.1 or C/EBP sites were found.
Introduction
The promyelocytic leukemia zinc finger (PLZF) protein is a transcription factor 1,2 of 673 amino acids with nine Kruppellike C 2 H 2 zinc finger domains and an N-terminal BTB (broad complex, tramtack, bric a brac) domain. PLZF was first identified as a partner gene fused to retinoic acid receptor ␣ RAR␣ in a variant chromosomal translocation t(11;17)(q23;q21) in acute promyelocytic leukemia (APL). 3 The PLZF-RAR␣ fusion gene can induce leukemia in transgenic mice confirming the pathogenic nature of the fusion protein. 4 PLZF is a transcriptional repressor that interacts with a number of co-repressors and histone deacetylases and suppresses cell growth; this latter action is linked to an arrest of the cell cycle and inhibition of cyclin A expression. [5] [6] [7] PLZF can associate with the PML protein, yielding a possible link to the pathogenesis of more common t(15;17)-associated APL. 8 PLZF mRNA is expressed in undifferentiated myeloid cell lines, at lower levels in more differentiated erythroleukemia, promyelocytic and monocytic cell lines and can be detected in peripheral blood mononuclear cells. 3 PLZF is also highly expressed in CD34 + hematopoietic progenitor cells and decreases as differentiation proceeds. 9 All of these suggest an important role of PLZF in leukemogenesis and myeloid cell development.
The PLZF gene is located on chromosome 11q23 about 1 MB centromeric to the MLL (mixed lineage leukemia) gene. The PLZF gene was completely sequenced and the coding regions were found to be contained in six exons spread over 201-kb of DNA. Sequence analysis of a proximal 5Ј upstream region of PLZF suggested that the gene could be regulated by a multiple transcription factors. 2 We characterized the PLZF promoter and found that a small region conferred relative tissue specificity. Further analysis demonstrated that a guanine-rich (G-rich) site near transcription start site was important for the tissue specificity while the Evi-1 transcription factor, also implicated in leukemogenesis, was essential for promoter activity.
Materials and methods

Cell culture
KG1, HEL, K562, Jurkat, MDS, U937 cells were grown in RPMI (GIBCO BRL, Rockville, MD, USA) and 293T cells were grown in Dulbecco's modified Eagle's medium (GIBCO BRL) containing 10% fetal bovine serum and split every 3 days as described previously.
10,11
Northern blot analysis
Fifteen g of total RNA were subjected to electrophoresis on a 1% formaldehyde-agarose gel and transferred to a sheet of nitrocellulose filter. The probe was amplified by polymerase chain reaction using the following primers: 5Ј-CACTTACTGGCTCATTCAGCGG-3Ј  and  5Ј-CTTACA  CTCAAAGGGCTTCTCACC-3Ј,  corresponding  to  the  sequence from human PLZF cDNA 1348-1369 and 1815-1792 . 3 The amplified PLZF fragment was isolated, 32 P-labeled by random priming and used for Northern blot analysis of PLZF expression.
Plasmids
A series of deletion mutants of the human PLZF promoter fused to a luciferase reporter gene were constructed. The PLZF promoter 2 was first amplified by using the following primers: 5Ј-AAAGTGGCATCTTCTCCCCAAA-3Ј, 5Ј-TGGCTGCAC AGCAGTTTGATAA-3Ј. Then the fragment was amplified by nested PCR by the following forward primers: 5Ј-TTCTGGTAC  CAAAAGGTAGGGATCTTTG-3Ј,  5Ј-TTTCGGTACCTCCTT  CCTGTATGATCTC-3Ј, 5Ј-GGCAGGTACCCGCGAGAGATT  GAGTATT-3Ј, 5Ј-ATTGGGTACCCTCTTGTAATTTTCCATC-3Ј,  5Ј-CTCTGGTACCTTTCCATCCTGCTTGTTT-3Ј,  5Ј-CTGAGGTACCTCATCAGCCTTCCCAGGA-3Ј, 5Ј-TTCCCG  GTACCCAAGGACATAGCTCTGGC-3Ј and the acceptor  primer, 5Ј-GTTTCTCGAGCCCAGATAAAGCAGCAGC-3Ј. These amplified DNA fragments were digested with KpnI and XhoI and inserted into the KpnI/XhoI site of the pGL3-Basic plasmid (Promega, Madison, WI, USA), resulting in −1147, −473, −158, −138, −128, −73 and −52, respectively. Evi-1 del. was created as follows: first, the promoter region was amplified by 5Ј-TTCTGGTACCAAAAGGTAGGGATCTTTG-3Ј and 5Ј-ACAAGGTACCACTCAATCTCTCTCGCGC-3Ј, digested by KpnI and inserted into −128 plasmid resulting in the internal deletion of −141 to −128 site. G-rich del. was created with the QuickChange site-directed mutagenesis system (Stratagene, La Jolla, CA, USA) using the following primers, respectively. Grich del. sense: 5Ј-CTATAAATGGTGCCAGTTTTGAGC TGCTGCTTTATCTGGG-3Ј, G-rich del. anti-sense; 5Ј-CCCA-GATAAAGCAGCAGCTCAAAACTGGCACCATTTATAG-3Ј. All sequences of the constructs were confirmed by sequence analyses.
Transfection and luciferase assays
Each reporter (30 g) plasmid and 1.5 g of a TK-renilla plasmid (as an internal control) were co-transfected into KG1 cells by electroporation. A total of 1 × 10 7 cells were collected, washed twice, suspended in 400 l serum-free RPMI and transferred into BTX cuvettes (BTX, San Diego, CA, USA) with DNA. The cells were electroporated at settings of 350 V, 950 F, 72 ohms. For Jurkat and HEL cells, 4 g of each reporter plasmid and 0.2 g of TK-renilla plasmid were co-transfected using the DMRIE-C liposome reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. For K562 cells, 1 g of each reporter plasmid and 0.05 g of pRL were co-transfected by Fugene 6 as described previously. 12 The Evi-1 SR-␣ plasmid (gift of Dr G Nucifora, University of Illinois at Chicago, IL, USA) was cloned into the pcDNA3.1(−)/Myc-His expression vector (Invitrogen) and Evi-1 expression was confirmed by Western blot using anti-Evi-1-antibody (c-20) (cat No. sc-8707) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). A co-transfection assay was performed with 2 g of the Evi-1 effector plasmid and 100 ng of reporter plasmid. The total amount of transfected plasmid kept constant by addition of the empty pcDNA3.1(−)/Myc-His plasmid. Luciferase and renilla activity were assayed using the Dual-luciferase reporter assay system (Promega).
Electrophoretic mobility shift assay
The following oligomers were used as probes and/or competitors in gel mobility shift assays: Evi-1-like: 5Ј-TGAG-TATTCTCTTGTAATTTTCC-3Ј.
G-rich wild: 5Ј-GTTTTGGTGGGGGAGCTGCTGCT-3Ј. G-rich mut: 5Ј-GTTTTCCATTTTGAGCTGCTGCT-3Ј. Annealing and end labeling the probe was performed as described previously. 13 Eight g of nuclear extract were incubated with or without indicated competitors in a reaction mixture (Evi-1; 25 mM Hepes (pH 7.9), 50 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 10% glycerol, 250 g/ml poly dI/dC, G-rich site binding protein; 25 mM Hepes (pH 7.5), 50 mM KCl, 10 M ZnSO 4 , 1 mM DTT, 10% glycerol, 0.1%NP40, 120 g/ml poly dI/dC). For the supershift assay, anti-Evi-1-antibody (c-20) (cat No. sc-8707) (Santa Cruz) or anti-ATF-1-antibody (39-271) (cat No. sc-4006) (Santa Cruz) was added after adding protein and probe and incubating for 1 h at room temperature.
Molecular weight assessment of trans-acting proteins
UV cross-linking was performed as described 14 with minor modifications. Briefly, the following oligomers were used for probe. G-rich wild-type tetramer: 5Ј-GTTTTGGTGGGGGAG CTGCTGCGTTTTGGTGGGGGAGCTGCTGCGTTTTGGTGG GGGAGCTGCTGCTTTATCT-3Ј, G-rich mutant tetramer: 5Ј-GTTTTCCATTTTGAGCTGCTGCTGTTTTCCATTTTGAGCTGCT GCTGTTTTCCATTTTGAGCTGCTGCTGCTTTATCT-3Ј. Both of these were hybridized to a complementary oligomer; 5Ј-AGATAAAGCAGCAGCT-3Ј and used as a substrate for the Klenow fragment with incorporation of bromodeoxyuridine. The probes were mixed with nuclear protein extracts, placed on a UV transilluminator and irradiated for 30 min with UV light (300 nM). After crosslinking, the samples were treated with DNase I and micrococcal nuclease, boiled in SDS loading buffer and loaded on to a 12% SDS-polyacrylamide gel electrophoresis gel. After electrophoresis, the gel was fixed, stained for protein molecular weight markers, dried and autoradiographed.
Results
Isolation of human PLZF gene promoter
In order to clarify the regulatory mechanisms of PLZF gene expression, we amplified the 5Ј-upstream region of the PLZF gene up to 1.2-kb from the transcription start site using data from GenBank sequence AF060568.
2 From our sequence analysis, a nucleotide G at nt −102 (while the sequence in GenBank is T) is different from AF060568, shown with an asterisk. Sequence analysis using the MatInspector (http://transfac.gbf.de/cgi-bin/matSearch/matsearch.pl/) and TFSearch (http://www.cbrc.jp/research/db/TFSEARCH.html) programs revealed that PLZF promoter region contained one TATA box, eight GATA-like sites (A/T GATA A/G 15 ), four G/C rich sites, nine Ets sites (C/AGGAA/T 16 ) and one Evi-1 (ecotropic virus integration site-1)-like site. The Evi-1-like site was an eight out of 10 match to the Evi-1 consensus GACAA-GATAA 17 ( Figure 1 ). This TATA box-containing type of promoter structure is typical of a non-housekeeping gene which can be induced by various signals or exhibits tissue-specific regulated genes. 18, 19 
Functional studies of the human PLZF promoter
To examine the regulation of the PLZF promoter, we first performed Northern blot analysis to determine the expression of PLZF in various cell lines. As shown in Figure 2 , a single major transcript was detected in early myeloid KG1 and erythromegakaryocyte HEL cells, but not in other cell lines (arrow). Next, we performed transient transfection assays in these PLZF expressing and non-expressing cells with a nested series of promoter deletion constructs fused to luciferase. The PLZF promoter constructs showed three to five-fold higher activity in PLZF expressing KG1, HEL cells compared to non-expressing Jurkat (human T cell leukemia), K562 (human erythroleukemia) cells, indicating the moderate tissue specificity of this region (Figure 3 ). The deletion of nt −138 to −128, where one Evi-1-like site exists, caused a dramatic (70-90%) decrease in promoter activity in every cell line tested ( Figure  3 ), indicating that this region is important for human PLZF promoter regulation. Further deletion downstream from this The 5Ј-upstream region of the human PLZF gene. The nucleotide sequence of 1.2-kb of 5Ј-upstream region of the PLZF gene is presented. The arrowhead indicates the major transcription initiation site. 2 The putative cis-acting GATA like (5/6 match to the GATA consensus A/T GATA A/G), Ets, Evi-1-like (8/10 match to the Evi-1 consensus GACAAGATAA), TATA box and G/C rich sites are boxed. The letter with an asterisk shows a different nucleotide compared to AF060568 sequence. 2 site showed only slight decrease of promoter activity ( Figure  3) . To confirm the importance of the −140/−130 Evi-1-like site, an internal deletion of this site was introduced into the reporter and assayed by transient transfection. As shown in Figure 4 , consistent with the 5Ј deletion series of constructs, PLZF promoter activity was dramatically diminished in every cell line tested.
Evi-1 binds to the PLZF promoter
To identify the nuclear proteins that bind to the −140/−130 Evi-1-like site, a gel mobility shift assay was performed. When a labeled oligomer representing the Evi-1-like site within the PLZF promoter was incubated with nuclear extract from KG1 cells, a single major retarded band was observed ( Figure 5 , lane 2). This band was affected by the unlabeled homologous Evi-1-like site competitor (lanes 3 to 5), but not an unlabeled competitor of sequences nt −19 to +1 region from the PLZF promoter containing G-rich site (lanes 6 to 8). This complex was almost totally abolished by adding Evi-1 antibody (lane 11) but not an antibody directed against ATF-1 (activating transcription factor-1) (lane 12). The same phenomenon was observed when using nuclear extracts from HEL and K562
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Figure 2
Expression profile of human PLZF in various cell lines. RNA blot analysis for human PLZF by using total RNA from various cell lines. Ethidium bromide stained rRNA is indicated in the lower panel as a control.
cells (data not shown). These results indicate that Evi-1 binds to the −140/−130 element in human PLZF promoter.
Evi-1 trans-activates the PLZF promoter
Since the −140/−130 Evi-1 site was a positive regulatory element in the PLZF promoter (Figures 3 and 4) , it was reasonable to assume that Evi-1 could be an activating transcription factor. To confirm the trans-activational effect of Evi-1, an Evi-1 expression plasmid and a PLZF reporter plasmid were cotransfected into K562 cells. K562 cells were selected because of their relatively high transfection efficiency among hematopoietic cell lines. As shown in Figure 6 , Evi-1 overexpression resulted in a nearly two-fold induction of luciferase activity from the full-length PLZF promoter. Evi-1 did not activate transcription of internal deletion mutant, Evi-1 del., which deleted the Evi-1 binding site. 
A proximal G-rich site is important for tissue-specific regulation of the PLZF promoter
Despite the critical role of Evi-1 for PLZF promoter activity, this protein could not explain the relative tissue specificity of a small fragment of the PLZF promoter. Evi-1 was expressed widely in hematopoietic cell lines including K562 cells which did not express PLZF and in which the PLZF promoter was inactive. There was no correlation between Evi-1 expression levels and PLZF expression (data not shown). Therefore, we sought other tissue-specific elements in the PLZF promoter. There are several putative transcription factor binding sites downstream from the −140/−130 Evi-1-like site. Interestingly, there is one G-rich site (TGGTGGGGG) near the transcription start site, similar to a site previously reported to play an important role in myeloid gene promoters. 20 In order to investigate the importance of this site, it was deleted from the PLZF promoter. As shown in Figure 7 , the 7 bp internal deletion at this site (G-del.) results in up to a 50% decrease of reporter activity in PLZF expressing HEL and KG1 cells, but had no effect in cells that did not express PLZF (Figure 7 ). This element is at least, in part, responsible for the tissue specificity of the proximal PLZF promoter.
A specific DNA-protein complex forms at the G-rich proximal site of the PLZF promoter
To identify nuclear proteins that bind to the G-rich site, a gel mobility shift assay was performed. When labeled oligomers Evi-1 binds to the PLZF promoter. Nuclear extract (8 g) from KG1 (lanes 2 to 8, 10 to 12) were incubated with the end-labeled oligomers corresponding to the Evi-1-like site (−140/−130). Asterisks show the nucleotides homologous to complete the Evi-1 site. 17 Competition assays were performed with a 100-to 300-fold molar excess of unlabeled homologous oligonucleotides containing the Evi-1-like site (lanes 3 to 5) or the −15/−7 G-rich site of the PLZF promoter (lanes 6 to 8). For supershift assays, 3 l of anti-Evi-1 (lane 11) or anti-ATF-1 (lane 12) were added. The arrow indicates the complex of the probe and protein.
Figure 6
Evi-1 trans-activates the PLZF promoter. K562 cells were transiently co-transfected with the wild-type PLZF promoter construct (−1147) or a construct harboring an internal deletion of the Evi-1 site (Evi-1 del.) with or without Evi-1 expression vector. Results are the mean of three separate experiments.
were incubated with a nuclear extract from KG1 cells, several retarded bands were observed (Figure 8, arrow and  arrowhead) . The slower migrating band (arrowhead) was nonspecific because it was competed by the addition of the Grich site wild-type or mutant type competitor. The faster migrating band (arrow) was completely competed by as little as a 25-fold excess of the wild-type (lanes 3 to 5) but not by Leukemia as much as a 400-fold excess of mutant competitor (lanes 6 to 8). To begin to determine the nature of the protein(s) bound to this site, UV-cross-linking studies were performed. Incubation of nuclear extracts with the wild-type G-rich site led to the identification of a 28 kDa protein species. A mutant binding site incapable of competing for the G-site binding protein in gel shift assays failed to cross-link to this protein ( Figure 9 ).
The sequence TGGTGGGGG is similar to the MZF-1 binding site, but the MZF-1 is a 48 kDa protein. 21 Furthermore, the PLZF promoter did not bind to MZF-1 in vitro nor did MZF-1 trans-activate the promoter in transfection assays (data not shown). Sp1 binding sequence is also similar to this site, but Sp1 protein has a molecular mass between 95 and 105 kDa depending on the glycosylation 22 which is far larger than the 28 kDa protein that bound to the G-rich element determined by UV-cross-linking. These data suggest that a novel protein binds to this G-rich site and plays an important role in the myeloid-specific regulation of PLZF promoter.
Discussion
In this study, we analyzed the regulation of the human PLZF gene and found that Evi-1 is essential for the activity of the PLZF promoter. Evi-1 is a zinc finger transcription factor encoded by a gene initially identified by its activation by a retrovirus in myeloid leukemia in mice. 23 In human leukemia, Evi-1 is often inappropriately activated by chromosomal rearrangements at 3q26, the region of the Evi-1 locus. 24 Evi-1 is also overexpressed in patients with myeloid leukemia or myelodysplastic syndrome without chromosomal abnormalities, 25 indicating an important role for Evi-1 in the pathogenesis in myeloid malignancies. Evi-1 is expressed in a significant proportion of acute promyelocytic leukemia (APL) cases 26 suggesting a role of Evi-1 in the pathogenesis in APL associated with PLZF. In situ hybridyzation assays for Evi-1 in the developing mouse embryo showed significant expression in the developing limbs. 27 PLZF is also expressed in the developing murine limb and analysis of PLZF knockout mice revealed that PLZF is essential for patterning of the limb and axial skeleton. 28 This spatial and temporal overlap of the expression of PLZF and Evi-1 during mouse development also supports a functional relationship between the two genes. Evi-1 is abundantly expressed in a large number of tissues and organs, especially in pancreas, heart, kidney, lung, skeletal muscles and ovaries. 29 This expression pattern partly overlaps that of the non-hematopoietic expression of PLZF, which is highly expressed in the heart, among other organs. 30 We found that the Evi-1 site was a positive element for PLZF expression and that Evi-1 activated the PLZF promoter in transfection experiments. Evi-1 was frequently reported to be a repressor, recruiting C-terminal binding protein (CtBP) as a co-repressor. 31, 32 In other contexts, however, Evi-1 acts as a sequence-specific trans-activator. 33 An alternative isoform of Evi-1, MDS-1/Evi-1, generated by an alternative upstream promoter yields a longer protein, which is naturally expressed in bone marrow. 34 This extended protein antagonized the ability of the shorter form of Evi-1 to activate transcription, 34, 35 suggesting that the balance of Evi-1 action on target genes in hematopoietic tissues may be related to the ratio of these isoforms. A shift of these isoforms could represent one mechanism of regulation of PLZF expression.
It must be noted that although Evi-1 seemed critical for the activity of the PLZF promoter, Evi-1 expression was not A guanine-rich site is essential for myeloid specificity of the PLZF promoter. The G-rich site at −15/−7 was internally deleted from the −158 PLZF reporter and transfected into the indicated cell line. The results are expressed as the ratio of luciferase to renilla activity in transfected cells. Indicated by black bars is luciferase activity in PLZF expressing cells and PLZF non-expressing cells by gray bars. Data are the mean of at least three separate experiments.
Figure 8
A rapidly migrating specific protein complex forms on the myeloid specific G-rich site. Aliquots of nuclear extracts (8 g) from KG1 and HEL cells were incubated with the end-labeled oligomers corresponding to the −15/−7 G-rich site (lane 2). Competition assays were performed with a 25-to 250-fold molar excess of unlabeled oligonucleotides containing the wild-type (lanes 3 to 5) or mutant type of G-rich site (lanes 6 to 8). The specific DNA-protein complex band is shown by the arrow. The arrowhead shows the non-specific complex.
exactly correlated with PLZF expression, suggesting that other tissue-specific factors were required for the proper pattern of PLZF expression. Therefore, we sought other tissue-specific elements in the PLZF promoter. The expression of myeloid granule proteins (myeloperoxidase, neutrophil elastase, proteinase 3 and cathepsin G) is dramatically upregulated before promyelocytic stage and then downregulated with further myeloid development. 36 This myeloid developmental stagespecific expression is similar to diminution of PLZF expression ), all have TATAA boxes and contain a common sequence, CCCCnCCC, which is functionally important in the tissue-specific regulation. 20, 41 Strikingly, the PLZF promoter has the sequence TGGTGGGG, close to the TATA box, complementary with only 1-bp mismatch to CCCCnCCC. Sturrock et al 20 reported the importance of this cytidine-rich element in tissue-specific regulation and demonstrated the binding of a 40 kDa protein to this element. Similarly, we found that this G-rich site was crucial for tissue-specific expression of PLZF and bound a 28 kDa protein, which may be the same as that reported by Sturrock et al. However, this protein was detected by EMSA in both KG1 cells and PLZF non-expressing cells (data not shown). Therefore, the tissue specificity of this promoter in myeloid cells conferred by the G-rich site and the 28 kDa protein might be explained by modification or protein-protein interaction with myeloid-specific transcription factors or co-factors. Sturrock et al found that the 40 kDa protein is also widely expressed, suggesting we may have identified the same or a closely related protein.
PU.1, a member of the Ets transcription factor family, is an important myeloid transcription factor and a number of myeloid promoters have a functional PU.1 site close to the transcription start site required for tissue specificity. [42] [43] [44] Curiously, although we found multiple putative Ets binding sites within the PLZF promoter, we could not demonstrate the functional importance of these sites by transient transfection assay. It is still possible that PU.1 might play a role in the activity of the PLZF promoter through protein-protein interactions.
In conclusion, we revealed the involvement of the Evi-1 oncoprotein in the regulation of human PLZF promoter. Furthermore, we showed the tissue-specific regulation of the PLZF promoter, like other myeloid promoters, may depend on a relative short cis-acting sequence but a potentially complex set of trans-acting factors. Identification of the G-rich site binding protein should offer functional insight into myeloid gene regulation.
